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Nanomedicine is a rapidly growing ﬁeld and expectations that it will help in improving the treatment of
many pathologies are high. Colloidal gold is extensively used for molecular sensing because of the wide
ﬂexibilities it offers in terms of modiﬁcations of the gold nanoparticles (AuNPs) surface with a variety of
functional groups. We present here a sensitive colorimetric method for the detection of Escherichia coli
0157:H7 (E. coli 0157:H7) in the urine sample of patients suffering from urinary track infections (UTI),
where material and reagent costs are minimal. The method involves one step functionalization of
AuNPs by cysteine. Cysteine gold nanoparticles (CAuNPs) binds with E. coli 0157:H7 bacteria through
electrostatic adhesion between the positive potential of cysteine and the negative potential of E. coli
0157:H7. The red shift in the plasmon absorption spectra of CAuNP with different concentrations of
E. coli 0157:H7 followed by the color change of the solution from red to blue is the basic principle applied
here for the detection of E. coli 0157:H7. The method was successfully applied for the detection of E. coli
0157:H7 bacteria in patients suffering from UTI. The results correlated well with the conventional
method indicating that the method could potentially be used as a self screening method for the patients
suspecting UTI, for warranting further medical attention.
The method exhibits a linear relationship in the range of 1  103–4  103 cells/mL with a detection
limit of 100 cells/mL.
 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Safety concerns about food, drinking water, health surveillance,
and clinical diagnosis related to microbial pathogens have
attracted increasing attention worldwide. On the basis of cell wall
structure and stain ability with gram stain (weakly alkaline solu-
tion of crystal violet or gentian violet), bacteria are grouped into
two categories. The bacteria which retain the color of the stain
are gram positive bacteria and which lose the color of the stain
are gram negative bacteria. Gram negative bacteria (Escherichia coli
0157:H7) are the leading cause of urinary tract infection, food
borne illness, inﬂammation, bloody diarrhea, etc. [13,21].
National health statistical reports reveals that urinary tract infec-
tions (UTI) are the second most common infections in human body
accounting for about 8.1 million visits to health care providers each
year [24]. UTI may be deﬁned as a condition in which bacteria are
established and multiplying within the urinary track [14]. The
majority of cases are caused by a limited number of bacterialgenera; E. coli strains in particular are responsible for 80% of the
UTI cases seen in outpatient clinics [8]. The pathogenic strain
E. coli 0157:H7 produces toxins that damage the lining of the intes-
tine, cause anemia, stomach cramps and bloody diarrhea, and seri-
ous complications called hemolytic uremic syndrome (HUS) and
thrombotic thrombocytopenic purpura (TTP). In addition to UTI
infection E. coli is commonly used as an indicator in the ﬁeld of
water puriﬁcation. Urine culture is deemed positive if it shows a
bacterial colony count of greater or equal to 103 cells/mL.
Early illness detection is crucial for early interventions when
treatment is most effective and when prevention of dramatic
changes is still possible. Early illness recognition and treatment
are not only key to improving health status with rapid recovery
after an acute illness or exacerbation of chronic illness, but also
key to reducing morbidity and mortality in older adults.
Therefore various methods have been developed in the past for
the analysis of Gram negative bacteria (E. coli 0157:H7).
Conventional techniques used for the detection of pathogenic bac-
teria include culturing techniques [12,5] polymerase chain reaction
(PCR) [9,11,3,20], enzyme linked immunosorbent assay (ELISA)
[16,22,10], long range surface plasmon-enhanced ﬂuorescence
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spectrometry (ICPMS). However all these techniques suffer from
limitations such as time consumption, high cost instrumentation
and complicated preconcentration. Hence exploring an accurate,
rapid and conventional analytical method to detect E. coli in UTI
patients still remains a challenge. Sensor technology provides a
cost effective way to remotely monitor older adults at home, detect
impending illness, and allow for early intervention. Naked eye
detection of E. coli in urine using one step functionalization can
be a great achievement in the ever developing ﬁeld of research.
Colloidal gold is extensively used for molecular sensing due to
the wide opportunities it offers in the design of easy to perform
methods [2]. One of the approaches for the design of functional
nanomaterials is based on the assembly of AuNPs with speciﬁc
ligands or biomolecules such as proteins, lipids and nucleic acids
[15,4,17,18,19,1]. The modiﬁcation process or alignment of
AuNPs leads to tunable optoelectronic properties which in fact is
used in sensing applications. Most of the sensing approaches uti-
lize the nano surface plasmon resonance (SPR) mechanism which
is based on binding induced aggregation of spherical particles. In
our effort to develop a colorimetric sensor for E. coli we modiﬁed
AuNPs with cysteine (CAuNPs). The ANH2 receptors on the surface
of cysteine modiﬁed AuNPs bind with E. coli 0157:H7 via electro-
static adhesion between positive charge of cysteine and high neg-
ative charge caused by the endotoxin or lipopolysaccharrides
found in the outer cell wall of E. coli 0157:H7. The negative charge
helps in the overall stabilization of E. coli. Thus CAuNPs can be
cross linked in presence of deﬁnite amount of bacteria causing a
visible color change of the solution from red to blue providing a
simple detection by naked eye. The results emerged indicate that
this method could hopefully be integrated into clinical labs, as this
does not demand either any hazardous and costly chemicals or any
complex synthetic routes. Also this method could be used by
patients as a self checking method at home in warranting further
medical attention.2. Methods
The list of used reagents can be found in Supplementary
information.2.1. Apparatus and equipments
The list of used apparatus and equipments can be found in
Supplementary information.2.2. Synthesis and functionalization of AuNPs
The detailed method for the synthesis and functionalization of
AuNPs, CAuNPs, and interaction of E. coli 0157:H7 with CAuNPs,
estimation of E. coli 0157:H7 in real samples are available in
Supplementary information.Fig. 1. Visibly observable colour change of (a) CAuNP (b) CAuNP + E. Coli. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)3. Results and discussion
3.1. Synthesis and functionalization of AuNPs
AuNPs synthesized [23] yielded spherical particles with an
average diameter of 20 ± 2 nm (Fig. S1, A) and SPR maxima at
519 ± 2 nm (Fig. S2, Curve A). The SPR maxima further red shifted
to 524 ± 2 nm upon conjugation of cysteine (Fig. S2, Curve B).
This was further conﬁrmed by TEM (Fig. S1, B), particle size and
zeta potential measurements (Table S1).3.2. Effect of E. coli 0157:H7 bacteria on the SPR maxima of CAuNPs
To demonstrate the principle behind the assay, it was ﬁrst
determined whether the cysteine molecules capped on the surface
of AuNPs facilitate the adsorption of AuNPs onto bacterial cell
membrane surface. As shown in Fig. S2, the plasmon absorption
peak for citrate capped AuNPs is centered around 519 nm. No
peaks are observed for 0.01 M pH 4.5 ABS (curve not shown) and
E. coli 0157:H7 bacteria merely have slight adsorption at short
wavelength range. When E. coli 0157:H7 bacteria added to the
citrate capped AuNPs, no obvious changes were observed from
UV–visible spectra. But when E. coli 0157:H7 were added to
CAuNPs there was color change of the solution from red to blue
(Fig. 1), followed by shifting of plasmon absorption spectra to
longer wavelength region (530 nm, Fig. 2). E. coli 0157:H7 bacteria
identiﬁcation is based on the fact that CAuNPs can readily and
speciﬁcally identify E. coli 0157:H7 bacteria, through electrostatic
interaction recognition (Scheme 1).
A red shift of the plasmon peak with concomitant broadening of
the spectra occurs in a concentration dependent manner. The shift
and broadening attained maximum value at intermediate concen-
tration of E. coli 0157:H7 bacteria. E. coli 0157:H7 bacteria cause a
change in absorbance since it induces aggregation of CAuNPs
through electrostatic interaction recognition. The degree of aggre-
gation is concentration dependent with maximum aggregation
occurring at intermediate concentration of E. coli 0157:H7 bacteria.
If only small number of E. coli 0157:H7 bacteria are present in the
system aggregation will not proceed to a signiﬁcant extent due to
the limited availability of E. coli 0157:H7 bacteria that can bridge
the CAuNPs together. Only at intermediate concentration of
E. coli 0157:H7 bacteria when one bacteria molecule can bind sev-
eral AuNPs aggregation occurs. Beyond a certain concentration of
bacteria, the solution turned turbid indicating clumping of parti-
cles. These conjugation and aggregates directly result in the change
in the local refractive index of the nanoparticle surface. The magni-
tude of wavelength shift was concomitantly increased with con-
centration of E. coli 0157:H7 and beyond 4  103 cells/mL the
binding sites become saturated (Fig. S3). The variation in absor-
bance correlated linearly with concentration of E. coli 0157:H7
and the method exhibits a linear relationship in the range of
1  103–4  103 cells/mL with a detection limit of 100 cells/mL.
Fig. 2. UV–visible absorption spectra on interacting with different concentrations
of E. Coli.
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Since the detection principle is based on the electrostatic inter-
action recognition, the value of solution pH would be a critical fac-
tor in the formation of hydrogen bonds and the determination of
surface charge polarity [6]. The effect of pH on the response of
the AuNP solution was carried out at a pH range of 3.5, 4.5, 5.5
and 6.5. Based on the spectra for CAuNPs with E. coli 0157:H7 bac-
teria at each pH, the plot of A625/A520 depending on the pH was
sorted out (Fig. S4). From the plot, the solution of pH 4.5 has the
greatest measurable ratio (A625/A520): the absorbance at k625
(A625)/the absorbance at k520 (A520). This pH value was slightlyScheme 1. Schematic representatiohigher than the isoelectric point of E. coli 0157:H7 (4.4). At this
value, positive charged CAuNPs could be tightly attached to the
negative charged E. coli 0157:H7 cells.3.4. Particle size and zeta potential measurements
The particle size of CAuNPs before and after addition of E. coli
0157:H7 bacteria are summarized in Table S1. The average particle
size of CAuNPs is around 20 ± 2 nm, and the same was increased
(24 ± 2 nm) on interacting with E. coli 0157:H7. On adding various
amounts of E. coli 0157:H7 the particle size increased and ﬁnally
with around 4  103 cells/mL the clustering or clumping of parti-
cles occurs.
As shown in Table S1, the zeta potential value of CAuNPs are
around – 30.8 mV which was reduced to 4.5 mV on interacting
with E. coli 0157:H7.3.5. Transmission electron microscopy
To support the aggregation of CAuNPs in presence of E. coli
0157:H7 bacteria we have studied the bacteria attached CAuNPs
based TEM images. Upon addition of 1  103 cells/mL, the particles
have come closer to one another, indicating the electrostatic inter-
action between CAuNPs and E. coli 0157:H7 bacteria. The effective
diameter on interacting with higher concentration of E. coli
0157:H7 (4  103 cells/mL) increased to around 100 nm indicating
clustering or aggregation of nanoparticles (Fig. S5).
TEM however showed lower value for the size of AuNPs
compared to DLS measurements. DLS measurements record higher
values since light is scattered by the core particle and the layers
formed on the surface of the particle. TEM on the other hand shows
the size of the metallic core only. E. coli 0157:H7 induced aggrega-
tion of CAuNPs is well supported by TEM images.n of E. coli sensing by CAuNP.
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bacteria in UTI patients
The prospects of the method were assessed by measuring E. coli
0157:H7 bacteria in real samples (urine) of UTI patients. We spiked
CAuNPs with urine samples containing around 3  104 cells/mL,
and the SPR absorption maxima are shown in Fig. S6 The peak
maxima showed a shift of 10 nm which well correlates with that
of aqueous standard samples (see Fig. 1) indicating the reliability
of the newly proposed method for the detection and estimation
of E. coli 0157:H7 bacteria. Table S2 compares the quantitative data
generated by both methods. The results emerging from the current
method compares well with those from conventional method.
The method exhibits a linear relationship in the range of
1  103–4  103 cells/mL with a detection limit of 100 cells/mL.
To examine the speciﬁcity of the method for gram negative bac-
teria, the interference of the common ions were investigated under
identical conditions. The possible interfering compounds such as
1 mM Al3+, Mg2+, K+, Cl, SO42 and NO3, showed no changes in
color (data not shown). These results indicate that the mentioned
analytes do not inﬂuence the assay of E. coli 0157:H7 bacteria at
this concentration level. Hence the proposed method could be used
for the detection of gram negative bacteria rather than gram posi-
tive bacteria.
4. Conclusion
We have devised a novel gold nanoparticle based colorimetric
sensor for the detection of E. coli bacteria in urine of UTI patients.
The sensor was constructed by conjugating cysteine onto gold
nanoparticle by simple chemistry. The developed sensor shows
red shift with broadening of the spectrum with different concen-
trations of E. coli standard. The sensor exhibits linear relation in
the range of 1  103–4  103 cells/mL with a detection limit of
100 cells/mL. The method could be used as a self screening method
by patients suspecting UTI for warranting further medical atten-
tion. More over the developed sensor could also be used for the
estimation of E. coli in drinking water which ﬁnds a wide variety
of application in food safety. Future efforts would be focused on
the development of strip type detection kit.Conﬂict of interest
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